
IEICE TRANS. COMMUNICATIONS, VOL. , NO. 0 199x, to appear 1PAPER Special Issue on `Telecommunications Network Planning and Design'Dimensioning and Computational Results for Wide-AreaBroadband Networks with Two-level Dynamic Routing��D. MEDHIy and C.-T. LUy, NonmembersSUMMARY The Virtual Path (VP) concept is one of theversatile features of ATM/B-ISDN. Using the VP concept, a bun-dle of virtual circuits can be grouped together between any twoswitching nodes in the network. Further, the VP bandwidth androuting can be dynamic. Building on this idea, a dynamically re-con�gurable, dynamic call routing wide area (backbone) broad-band network concept is proposed. Speci�cally, this providesdynamism at two levels: at the VP level and at the connectionlevel. For an incoming connection request, at most two logicalvirtual path connections (VPCs) are allowed between the originand the destination; these logical VPCs are de�ned by settingvirtual paths links (VPLs) which are, in turn, physically mappedto the transmission network. Based on the tra�c pattern duringthe day, the bandwidth of such VPCs and their routing, as well ascall routing, changes so that the maximum number of connectionrequests can be granted while maintaining acceptable quality ofservice (QoS) for various services. Within this framework, wepresent a mathematicalmodel for network design (dimensioning)taking into account the variation of tra�c during the day in aheterogeneous multi-service environment. We present computa-tional results for various cost parameter values to show the e�ec-tiveness of such networks compared to static-VP based networksin terms of network cost.key words: Broadband Networks, Dynamic Routing, NetworkDesign Models, Optimization Algorithms, Virtual Path concept1. IntroductionAsynchronous Transfer Mode (ATM) is emerging as theplatform for high-speed networks where broadband ser-vices with varying bandwidth and tra�c requirementswill be provided [7], [10]. In an ATM/B-ISDN Network,tra�c can be considered at the Virtual Path (VP) level,the call level, the burst level and the cell level [12]. Dis-cussion on control issues at di�erent levels can be found,for example, in [17]. A connection-oriented transportmechanism is to be used for ATM networks. This meansa virtual connection is required to be set up betweenthe origin and the destination for a connection request.The call then uses this connection. There are two op-erational steps: in call setup, network resources arechecked before the connection is allowed; once the callManuscript received July, 1996.Manuscript revised September, 1996.yThe authors are with the Department of Computer Net-working University of Missouri{Kansas City, 5100 RockhillRoad, Kansas City, MO 64110 USA.��Research supported in part by the University of Mis-souri Research Board under grant K-3-40605 and by theUS National Science Foundation under grants NCR-9506652and CDA-9422092.

is accepted, in the second step network tra�c manage-ment monitors the tra�c status and performs a policingfunction to ensure that resources are properly used and,accordingly, controls can be applied at burst/cell lev-els to satisfy quality of service (QoS). Although therehas been a considerable amount of literature devotedto congestion control at the burst/cell level for highspeed networks in recent years, there have been very fewworks in the area of network routing for better manage-ment/utilization of wide area broadband networks. Itis our opinion that the use of e�ective routing schemescan alleviate congestion problems and reduce overbur-dening congestion control schemes at cell/burst level.In this paper, we propose routing at two levels:at the VP level and at the call level. Using the VPconcept, a bundle of virtual circuits can be groupedtogether between any two switching nodes in the net-work. Further, the VP bandwidth and routing can bedynamic. Building on this idea, we are proposing a dy-namically recon�gurable, dynamic call routing conceptfor wide area (backbone) broadband networks. Giventhis context, we present an optimization model for net-work design, and discuss possible roles of dynamic VPbandwidth/routing as well as call routing in case ofoverload in the network.We �rst start by illustrating the di�erences be-tween a VP-based tra�c network and a transmissionnetwork for broadband networks. The tra�c network isconnected by ATM switching nodes where various traf-�c such as voice, data and video services are provided;the transmission network is connected by ATM cross-connect systems (nodes) [11], [18], [24], [27]. Followingthe speci�cation by ATM forum [1], we use the followingterminology: ATM cross connects provide virtual pathswitching function while ATM switching nodes act asvirtual path terminators. The connection between twoATM switching nodes can be provided using virtualpath connections (VPC). Since it is possible to havemultiple VPCs for the same pair of switching nodes [1,p. 94], we use the term l-group to indicate this logicalgrouping of these VPCs between two switching nodessince the ATM forum speci�cation does not de�ne thisentity. Two ATM cross-connect nodes can have a Vir-tual Path Link (VPL) de�ned between them. Again, itis possible to de�ne multiple VPLs between two cross-connect nodes which is provided on a physical link (p-



2 IEICE TRANS. COMMUNICATIONS, VOL. , NO. 0 199x, to appearlink). Note that l-group is the same as VPC if thereis only one VPC de�ned between a pair of switchingnodes; similarly, p-link is the same as VPL if there isonly one VPL de�ned between a pair of cross-connectnodes.Now consider Fig. 1. The 6-node switched tra�cnetwork (Fig. 1b) has the underlying physical networkas shown in Fig. 1a. We will assume for this discussionthat only a single VPC is de�ned for an l-group and oneVPL is de�ned for a p-link. In the tra�c network, thelogical connectivity is shown by VPCs connecting theswitching nodes (denoted by circles); in the transmis-sion network, the actual physical connectivity is shownbetween cross-connect nodes (denoted by squares) con-nected by VPLs. We assume here that each ATMswitching node is co-located with a cross-connect node(although this is not necessary). Assume further thatthe tra�c network has dynamic call routing capability[14] and uses at most two VPCs to connect a call. Inthis set of �gures, assume also that the VPC betweenswitching nodes 2 and 4 are physically connected on thetransmission network through the cross-connect nodes2-3-4; similarly, the VPC between switching nodes 1and 4 uses the transmission path through the cross-connect nodes 1-2-3-4.Consider now a call between switching nodes 1 and4. This call may try to use free VPC capacity, if avail-able, on the direct l-group 1-4 (which physically takesthe path through the cross-connects 1-2-3-4); if the callcan not �nd any free VPC capacity on the direct l-group, it may try to switch via, say, the switching node2; in this case, available VPC capacities on the two l-groups 1-2 and 2-4 will be sought. If we assume thatthe call can be connected by switching via 2, then anappropriate VPC capacity between switching nodes 1and 2 (which is physically cross-connected on 1-2), andbetween switching nodes 2 and 4 (which is physicallycross-connected on 2-3-4) will be used for this call; thiscall uses di�erent VPCs from the one which is for thedirect l-group 1-4 that is physically cross-connected on1-2-3-4 (without entering switches at 2 and 3); althoughboth tra�c paths take the same physical links.Now consider the issue of tra�c demand in thenetwork. It is well-known that the tra�c demand (call-attempt rate) keeps varying depending on the time ofthe day (other variations due to unusual factors arealso possible). Now suppose that based on the tra�cdemand at a certain time during the day, VPCs areset up in the network between switching nodes and tomeet grade-of-service/quality of service, calls are director alternate routed appropriately. Now, if the tra�cdemand changes signi�cantly an hour later, then theVPCs as set up may not provide the grade-of-service forthe new tra�c demand thus requiring recon�gurationof VPCs (and bandwidth) { obviously, this recon�gura-tion will be possible only if there is su�cient capacityin the transmission network as well as port capacity

at the switches and cross-connect nodes. We use thispremise to consider network dimensioning both at theVPC network and transmission level network in an in-tegrated framework by considering multiple tra�c hourdemand (due to load variation during the day) and dy-namic network recon�gurability.There has been a considerable amount of workdone on dimensioning for various types of dynamic callrouting for single-service (voice) circuit-switched net-works and their advantages have been quanti�ed [3],[5], [9], [14], [20], [25], [32]; and some work on considering(single-service) switched and cross-connect networks to-gether has also been addressed [4], [15], [22], [29], pri-marily for single-service networks to address networksurvivability.Broadband networks based on ATM, however, pro-vide 
exibility through bandwidth unit granularity andvirtual paths. Depending on the type of service, thepeak rate for the service need not be allocated at thetime of connection for all service type. Further, it ispossible to have dynamic virtual path routing with the
exibility of variable bandwidth. Thus, the capacity forvirtual circuit connections required between two switch-ing nodes is not required to be provided on a staticbandwidth with �xed path basis; further, the granular-ity at VP-level can be �ne-grained leading to assumingthe VP-level capacity to be of continuous unit ratherthan in discrete modular units as required for circuit-switched networks. However, modularity is still neededin the transmission networks and also for switchingports.; the concept of VPC can be used to de�ne a logi-cal l-group between origin and destination ATM switch-ing nodes, where the bandwidth for the VPC and howthe VP is routed can be dynamic, thus providing dy-namic recon�gurability of networks. Further, the use ofVPC in B-ISDN simpli�es call processing and reducesconnection establishment time as there is no need to doadditional processing at the intermediate nodes at thetime of the request for connection [1], [6]. For exam-ple, in Figs. 1, having a VPC between switching nodes1 and 4 reduces the connection establishment time ascompared to node processing at intermediate switchingnodes 2 and 3. In [24], Logothetis and Shioda have pre-sented centralized VP bandwidth allocation scheme fora similar architecture. For other bene�ts the VP con-cept, see, for example, [2], [6], [17], [21], [31], [34], [35].Recently [27], we have considered a direct (sin-gle) virtual path connectivity idea using VPC betweenswitching nodes with dynamic bandwidth control andchanging VPC routing at di�erent times of the day(with �xed call routing) and have presented such a net-work from a network planning and management per-spective; furthermore, we have shown [26] for someexample networks (extracted from an actual network)that dynamic VPC based networks design can save10% to 14% compared to static VPC routed networkswhile providing the same quality-of-service. Dimension-



MEDHI and LU: DIMENSIONING OF BROADBAND NETWORKS 3
6

1

2 3

4

5

1

2 3

4

56

(a) (b)Fig. 1 (a) Example of a 6-node ATM transmission network, (b) Example of the associ-ated 6-node ATM tra�c network(
 { switching node, 2 { cross-connect node)ing have been addressed to some extent for ATM/highspeed networks [13], [23]; dynamic call routing in thepresence of static virtual path has also been presented[16], [19], [28], [30]; however, these and the referenceslisted earlier do not address the two level routing dy-namism for dynamically recon�gurable broadband net-works that we are considering here nor do they addressnetwork dimensioning for such networks when multipletra�c classes are o�ered.2. Dimensioning2.1 FrameworkThe basic framework of a dynamically recon�gurable,dynamic call routing (DRDCR) network is the follow-ing: There is (possibly) an l-group between each ori-gin and destination ATM switching nodes in thewide-area tra�c network by de�ning a VPC, pos-sibly multiple VPCs for di�erent tra�c types; theVPC may be set up on the transmission networkusing ATM cross-connect nodes using VPLs onp-links. A call request between an origin and des-tination for a tra�c class may try to see if thereis any free capacity left on the direct VPC be-tween them to provide adequate QoS for this traf-�c class; if not, then dynamically seek up to max-imum two VPC segments (for this tra�c class)by switching via another ATM switch to connectthe call subject to availability of capacity on thesetwo VPCs to provide adequate QoS for this con-nection. To maintain pairwise and tra�c typequality-of-service, VPC bandwidth and routingare changed from time to time during the dayresulting in recon�guration of the tra�c network.We are proposing the above scenario based on thebene�t of dynamic call routing (with �xed circuit rout-ing in the transmission network) pointed out by variousresearchers and our own work on dynamically recon�g-urable networks (with �xed call routing) [26], [27]. Theproposed framework is the next logical step where welook at the marriage of these two ideas to provide an

e�cient network. It should be understood that VPCbandwidth/routing updates are slower than call rout-ing. By limiting a maximum of two VPC segments foreach connection, there is still a need to do processingduring connection establishment in at most one inter-mediate switching node; this would not increase theconnection establishment time considerably (comparedto the direct VPC); yet this provides better connec-tion request completion rate than all calls being routedon single VPC under normal and overloaded networkoperating conditions. The trunk reservation [36] con-cept for tra�c networks can also be extended to theVPC capacity reservation concept on the transmissionnetwork for network stability; additionally, service pro-tection through admission control may also be needed[30]. For simplicity of management of the network, ourview is to allow statistical multiplexing of virtual cir-cuits within a VPC for a tra�c class; however, vari-ous VPCs may be deterministically (non-statistically)multiplexed within an l-group (and hence on transmis-sion links); this view is taken by us in [26], [27] wherewe de�ne the notion of similar tra�c quality-of-service(STQoS) class where tra�c with similar characteristicsand QoS requirements are de�ned as one service class ortype. Statistical multiplexing of VPCs are not consid-ered here to reduce the complexity of network controlsince deterministic multiplexing of VPCs allows us tocontrol each STQoS class independently for the con-nections for that class without needing to worry howcells from other STQoS classes might interfere withthis class. While dynamic call/connection routing wasnot considered in [26], [27], this is now addressed in thepresent paper. Let us visit Fig. 1a again. A VPC maybe de�ned with a certain amount of capacity betweenswitching nodes 1 and 4 which uses the VPLs on 1-2,2-3, 3-4 at a certain time of the day, while the sameVPC at another time of the day may have di�erent ca-pacity and/or may take a di�erent path by using, say,VPLs on 1-6, 6-5, 5-4. This is of course dictated bythe change in load pattern and successful completion ofconnection request between an origin and destinationATM switches, and availability of transmission networkcapacity.



4 IEICE TRANS. COMMUNICATIONS, VOL. , NO. 0 199x, to appear2.2 A Mathematical ModelBefore we present the model, we �rst describe the no-tations:K Set of tra�c node pairsL Set of l-groups among the switchesH Set of tra�c load periods during a dayM Set of p-links in the physical networkS Set of services types�Pshk Set of (candidate) at most two VPC-segment traf-�c paths for service type s 2 S for pair k 2 K inhour h 2 HP̂sh` Set of candidate VPL paths for logical VPC forservice type s in hour h de�ned on l-group `xshkj Flow variable in tra�c network { amount of 
owon tra�c path j 2 �Pshk for service type s for nodepair k in hour h (variable)ushkj Upper bound on 
ow corresponding to xshkjysh` Bandwidth needed on the VPC for service type sin hour h on l-group ` 2 L (variable)zsh`i Flow on physical path i 2 P̂ h̀ for service type s inhour h for l-group ` 2 L (variable)vsh`i Upper bound on 
ow corresponding to zsh`iwm Maximumnumber of high capacity units requiredon p-link m 2M (variable)t` Overall capacity need on l-group ` for all VPCs onthis group for any load hour (variable)� Capacity of a high capacity unit on l-groups� Capacity of a high capacity unit on p-linkse` Cost of a high capacity unit on l-group ` 2 Lcm Cost of a high capacity unit on p-link m 2M�sh`kj Entries for arc-path incidence matrix for the traf-�c network | 1 if tra�c path j for service types for node pair k uses l-group ` in hour h , 0otherwise
shm`i Entries for arc-path incidence matrix for thetransmission network{ 1 if the transmission pathi for the VPC for service type s in hour h onl-group ` uses the p-link mAshk Tra�c amount for service type s in h for pair k

d(Ashk ; Ts; QoSs) Bandwidthrequired for tra�c amount Ashk for service types with tra�c descriptor Ts and quality of servicerequirement requirements QoSs (in h for pair k;more described later)We now present a mathematical model for networkdimensioning (sizing) of DRDCR broadband networks:minfx;y;z;w;tg X̀2L e`t` + Xm2M cmwm (1a)subject toXj2 �Pshk xshkj = d(Ashk ; Ts; QoSs); s 2 S; k 2 K; h 2 H(1b)Xk2K Xj2 �Pshk �s`hkj xshkj <= ysh` ; ` 2 L; s 2 S; h 2 H (1c)Xs2S ysh` <= �t`; ` 2 L (1d)Xi2P̂hs` zsh`i = ysh` ; ` 2 L; s 2 S; h 2 H (1e)X̀2LXs2S Xi2P̂hs` 
shm`i zsh`i <= �wm; h 2 H; s 2 S;m 2M(1f)0 <= xshkj <= ushkj; j 2 �Pshk ; s 2 S; k 2 K; h 2 H (1g)ysh` >= 0; ` 2 L; h 2 H; s 2 S (1h)0 <= zsh`i <= vsh`i ; i 2 P̂sh` ; ` 2 L; s 2 S; h 2 H (1i)t` >= 0 and integer; ` 2 L (1j)wm >= 0 and integer; m 2M (1k)In this model, (1b) refers to determination of 
owon one or two segment VPCs to satisfy tra�c require-ment for a particular service type for a given quality-of-service; (1c) is to determine the capacity of the VPC atvarious time of the day needed for each service typewhile (1d) is to determine how much �-modularizedVPC capacity needed needed on an l-group to meettra�c demand at any time of the day for all servicetypes { modularization is used here since VPCs maybe bundled so as to determine modular port require-ments at switching nodes (see results section). In, (1e)we show how the VPC bandwidth for each service typeand load hour for each l-group (as obtained from (1c))should be physically routed among various dynamicallyrecon�gurable paths at di�erent time of the day. (1f)then shows the actual capacity required on high capac-ity transmission links [subject to �-modularization] tocover for varying bandwidth VPs for all service types.The rest of the constraints (1g-1k) are bound con-straints on variables and also to indicate which vari-ables take integer values. The cost for the network asshown in (1a) is the cost due to capacities on l-groups



MEDHI and LU: DIMENSIONING OF BROADBAND NETWORKS 5as well as capacities on physical links (including anycost for termination ports, see results section).The function, d(A; T;QoS), to determine the band-width required for di�erent services types and QoS cantake di�erent forms depending on the service class. Webrie
y discuss it here; if a homogenous tra�c type (withPoisson call arrival) requires a real-time circuit-mode[constant bit rate (CBR)] connection (e.g, class-A traf-�c in B-ISDN), then we can use A = a; T = R;QoS =GoS = 1% call blocking; where a is the o�ered load inerlangs and R is the peak rate bandwidth required foreach connection, GoS stands for the grade-of-service. Inthis case, the bandwidth requirement can be computedusing an approximation as used in [25], [33] for single-service networks. Similarly, an approximation given formultiple tra�c types under loss mode with di�eringbandwidth requirement per call as given in [28] may beused to de�ne a service class in our present framework,or these tra�c types may be classi�ed into di�erentservice classes depending on network providers' oper-ational need and complexity. In [26], we also discusshow variable bit rate (VBR) tra�c [a class-B tra�c inB-ISDN] may be de�ned as another tra�c class { onlything this requires is a speci�c formula for d(:; :; :) with-out needing to entirely change model (1). Obviously,formula for d(:; :; :) for all emerging service classes arenot known at this time { as we understand more aboutany emerging tra�c types we would be able to de�nenew service classes and develop new formulae.3. Computational ApproachNote that model (1) is a large-scale mixed integer linearoptimization problem with the two sets of capacity vari-ables taking integer values while the 
ow variables takereal values. We have developed a sequential approxima-tion of model (1) by looking at the problem structureto e�ectively handle such a large scale problem. In thisapproach, we take advantage of the dual-level of tra�cand transmission networks, and our procedure worksby determining the capacity needed �rst for the traf-�c network. Thus, we �rst solve sub-model (2) for thevariables x; y; t: minfx;y;tg X̀2L e`t` (2a)subject toXj2 �Pshk xshkj = d(Ashk ; Ts; QoSs); s 2 S; k 2 K; h 2 H(2b)Xk2K Xj2 �Pshk �s`hkj xshkj <= ysh` ; ` 2 L; s 2 S ; h 2 H (2c)Xs2S yhs` <= �t`; ` 2 L (2d)

0 <= xshkj <= ushkj ; j 2 �Pshk ; s 2 S; k 2 K; h 2 H (2e)ysh` >= 0; ` 2 L; h 2 H (2f)t` >= 0 and integer; ` 2 L (2g)Note that we keep the variables ysh` in sub-model(2) which gives us the VPC requirements for di�erentservice classes and load hour on an l-group. Since thisamount dynamically varies depending on the load, wewould accordingly like to set up paths in the transmis-sion network for each service classes. Thus, the solu-tion �ysh` from sub-model (2) becomes the input as thedemand for the transmission network in the sub-model(3) given below to determine transmission capacity:minfz;wg Xm2M cmwm (3a)subject toXi2P̂h̀ zsh`i = �ysh` ; ` 2 L; s 2 S; h 2 H (3b)X̀2LXs2Sk Xi2P̂h̀ 
shm`i zsh`i <= �wm; h 2 H; s 2 S;m 2M(3c)0 <= zsh`i <= vsh`i ; i 2 P̂sh` ; ` 2 L; s 2 S; h 2 H (3d)wm >= 0 and integer; m 2M (3e)Note that both sub-models (2) and (3) are alsomixed integer programming models; however, they areof much smaller scale compared to model (1). Further,this decomposition allows us to compare our DRDCRframework to a dynamic call routing network with onlystatic virtual path notion which is discussed in the nextsection.4. Computational ResultsFor computational work, we consider three networkcases; the topological view of these networks are givenin Figs. 2, 3 and 4. Since, we would like to demon-strate the e�ectiveness of DRDCR framework, we con-sider three service classes for simplicity where the �rsttwo service classes are CBR voice tra�c and CBRvideo tra�c, the third tra�c class is VBR voice traf-�c; these are labeled service class one, two and three,respectively. We use the values R1 = 64Kbps andR2 = 384Kbps for the service classes one and two.For the third class, i.e., for VBR voice tra�c, tra�cis assumed to be based on on-o� sources and 
uid-
ow approximation is used for obtaining the demandrequirement (see service type one in [26]). Connection-level blocking GoS for all three classes are set to 1%blocking. We have considered three tra�c load hoursto consider variations of tra�c during a day. The mod-ular values for � and � are each set to DS1 (� 1.544Mbps) rate. For cost coe�cients, e` and cm, we use
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Cross-connect nodeFig. 3 Topology of EN-2 (10 ATM switching nodes, 18 ATMCross-connect nodes)four parameters (two each) to re
ect termination costas well as distance cost:e` = 2� + �D`cm = 2� + �Dmwhere� port termination cost (for an �-module) in switches� per unit logical distance cost in the tra�c network� port termination cost (for a �-module) in cross-connect nodes� per unit physical distance cost in the transmissionnetworkD` logical distance between switches for l-group `Dm physical distance between cross-connect nodes forfor p-link m.The parameter set f�; �; �; �g allows us to do a sen-sitivity study for di�erent cost parameter values andsee impact on the network cost; further, we can do costcomparison of DRDCR cost with a dynamic call rout-ing but static VP environment (labeled: staticNetCostin Tables). staticNetCost is obtained by solving model(2) and then doing a shortest-distance routing for max-imumVP bandwidth required on the transmission net-work. For the bounds on the path 
ow variables in thetra�c network, a 90% of demand is imposed to limit
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23Fig. 4 Topology of EN-3 (15 ATM switching nodes, 23 ATMCross-connect nodes)Table 1 Results for various cost parameter values for EN-1f�; �; �; �g DRDCR- staticNet- % costcost Cost increasef100,50,0,1g 3705144 4089984 10.39%f100,75,0,1g 4031640 4535184 12.49%f100,50,0,0.1g 1712244 1970678 15.09%f100,50,1,1g 5070528 5398656 6.47%f100,75,1,1g 5397024 5836656 8.15%f100,50,0.1,1g 3841688 4187120 8.99%f100,50,0.1,0.1g 1848788 2094642 13.30%Table 2 Results for various cost parameter values for EN-2f�; �; �; �g DRDCR- staticNet- % costcost Cost increasef100,50,0,1g 18803304 24046896 27.89%f100,75,0,1g 20162232 25819296 28.06%f100,50,0,0.1g 6635601 7983969 20.32%f100,50,1,1g 29161581 33499461 14.88%f100,75,1,1g 30526293 35255061 15.49%f100,50,0.1,1g 19898225 23919185 20.21%f100,50,0.1,0.1g 7730156 8856792 14.57%the 
ow on the direct VPC to a maximum of 90% ofthe demand as given by d(:; :; :) | this is to re
ectthe observation that typically in a dynamic call routingnetwork, under normal operating conditions approxi-mately 90% of the calls are direct routed while the restare alternate routed. We have used this heuristic rulehere; obviously, our model allows us to use under boundas deemed appropriate by a network designer. For thetra�c networks, the path set �P considers all the max-imum two-link tra�c paths (including direct path); inthe transmission network, a k-shortest path generatoris used to generate �ve paths for each end-points. Allthe cost results are shown in Tables 1, 2 and 3 for thethree networks considered here. (We note the we havealso done runs with seven paths generated and foundthat the cost decrease compared to �ve-paths case isless than 0.4%). Models (2) and (3) are solved usingmixed integer program solver from CPLEX [8].Results reported in tables are for seven sets of val-ues for f�; �; �; �g. It was found that generally net-works where there is no distance cost for the l-group,the network savings are the highest. For the networksconsidered here, the bigger network tends to save morethan smaller network as far as comparison with static-



MEDHI and LU: DIMENSIONING OF BROADBAND NETWORKS 7Table 3 Results for various cost parameter values for EN-3f�; �; �; �g DRDCR- staticNet- % costcost Cost increasef100,50,0,1g 23129544 29654760 28.21%f100,75,0,1g 25043856 32282760 28.90%f100,50,0,0.1g 8577343 10547076 22.96%f100,50,1,1g 43476840 53926872 24.04%f100,75,1,1g 45397080 56851272 25.23%f100,50,0.1,1g 25270874 30885602 22.22%f100,50,0.1,0.1g 10712822 12367317 15.44%NetCost. We have observed as high as about 29% costsaving in our test cases.5. DiscussionIn this paper, we propose a two-level dynamic routingfor broadband networks where dynamism is providedboth at the call level and at the virtual path level. Wethen present a network dimensioning model for such anenvironment for forecasted load given for di�erent hoursduring a day which takes into account dynamic recon-�gurability of the VPs as well as dynamic call routing.For various cost parameter sets used in our computa-tional studies, we found the network savings to be ashigh as about 29% compared to a network with static-VP con�guration. We present our results for only threetra�c classes; however, in future it is possible that theremay be a large number of tra�c classes. An obviousquestion is whether the model we presented is still ap-plicable; the answer is a�rmative from the theoreticalstandpoint as long as new functions d(:; :; :) are deter-mined for these emerging service classes. However, thesize of the problem grows with more service classes {this would require more computational power and mayput a limit on the use of CPLEX to solve sub-models(2) and (3). We see two possible ways to tackle thisissue: (a) further development of algorithms to decom-pose sub-models (2) and (3) even further to make itmanageable to solve, and (b) several tra�c classes maybe aggregated to form a `super' service class for which anew estimation for demand requirement d(:; :; :) needsto be developed { this process may lead to considera-tion of only a handful of super classes in model (1), inwhich case our present approach as given in section 3still applicable. Nevertheless, this area requires furtherresearch.It should be noted that the cost we have listed hereis capital cost; to operate such a network to provide re-con�gurability requires additional operational and de-velopment cost; determination of such cost is beyondthe scope of the present paper.We have mentioned in the introduction thatDRDCR framework can be useful in case of networkoverload. For example in the event of a focused over-load, certain switch node pairs may have signi�cantlymore tra�c demands than they were originally fore-
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